We have evaluated the application of a lutetium yttrium oxyorthosilicate (LYSO) based detector to single-shot positron annihilation lifetime spectroscopy. We compare this detector directly with a similarly configured PbWO 4 scintillator, which is the usual choice for such measurements. We find that the signal to noise ratio obtained using LYSO is around three times higher than that obtained using PbWO 4 for measurements of Ps excited to longer-lived (Rydberg) levels, or when they are ionized soon after production. This is due to the much higher light output for LYSO (75% and 1% of NaI for LYSO and PbWO 4 respectively). We conclude that LYSO is an ideal scintillator for single-shot measurements of positronium production and excitation performed using a low-intensity pulsed positron beam.
Introduction
The development of positron trapping and manipulation techniques [1] has made it possible to produce pulsed positrons from a standard DC positron beam [2] . When a pulsed positron beam is used to generate a positronium (Ps) gas, a burst of annihilation gamma radiation is created. The time and energy characteristics of these photons contain information regarding Ps formation and annihilation processes, and observations thereof can be used to detect Ps-Ps scattering [3] , Ps-surface effects in solid-state materials [4] or laser-induced atomic transitions [5] [6] [7] .
Conventional gamma-ray detectors are usually designed to observe single events and cannot process many thousands of photons arriving in a few hundred nanoseconds. Thus, in order to use such detectors with an intense pulsed beam one has to severely limit its acceptance, losing almost all of the available information [6] . Solutions to this problem were first suggested by Mills Jr. [8] , and were eventually implemented in a technique called single-shot positron annihilation lifetime spectroscopy (SSPALS) [9] . In this approach an appropriate gamma-ray detector is directly connected to a fast oscilloscope, so that the gamma-ray flux following an intense positron pulse [10] is monitored as a function of time. The detectors that have been used for this are scintillators or Cherenkov radiators optically coupled to a photomultiplier tube (PMT) [11] .
This technique was originally developed for studies of Ps-Ps interactions [3] , which happen on a short time scale and require intense, high-density, positron pulses [10] . The optimal detector for such measurements is one with a decay constant that is short compared to the 142 ns groundstate Ps lifetime [12] , and which has a relatively low light output in order to mitigate saturation of the PMT. Although PbF 2 [11] and heated BaF 2 [13] were shown to be viable options partially fulfilling these criteria, lead tungstate (PbWO 4 , often abbreviated to PWO) proved to have the best overall performance of the materials studied. This technique has made it possible to perform a wide variety of measurements involving Ps produced at both high (e.g., [14, 15] ) and low (e.g., [16, 17] ) densities.
Recent work has focused on the production and study of Rydberg Ps atoms using low-intensity, low-density, positron pulses [18] [19] [20] . Since these atoms are generally long lived [21] , the timing constraints on an appropriate SSPALS detector may be relaxed for Rydberg studies. The ∼ 12 ns decay time of PWO is well-suited for the study of short-lived effects since it allows one to integrate lifetime spectra almost from the moment of Ps atom creation. With long-lived Rydberg states, however, the annihilation events of interest may occur on completely different timescales, and the regions of interest in the corresponding lifetime spectra will change accordingly [22] . Therefore, for measurements of this kind it can be advantageous to use a slower scintillator with a higher light output.
We have tested this possibility using Cerium doped lutetium yttrium oxyorthosilicate, (Lu 2(1−x) Y 2x SiO 5 :Ce). LYSO [23] (as well as its predecessor LSO [24] ) has a useful combination of properties, namely its short radiation length (∼ 1 cm), high density (8 g cm −3 ), high light output (∼75% of NaI), and relatively fast decay time (40 ns). As a result these materials have found applications in areas such as positron emission tomography (PET) [25] and high energy physics [26] . Because of its high stopping power LYSO is well suited for studies of low-energy photons [27] , which is useful not only in PET scanners [28] but also other positron physics applications (e.g., [29] [30] [31] ). As we shall discuss, these same properties also make LYSO a good material to use for SSPALS, especially when conducting experiments with Rydberg Ps atoms.
Experimental arrangement
SSPALS measurements are performed using a pulsed positron source. In the present case we generate a lowdensity Ps gas by implanting around 10 5 positrons in a 5 ns wide pulse into a mesoporous silica film [22] . These materials emit Ps atoms into vacuum following positron bombardment with an efficiency of around 25% [32] . Groundstate Ps atoms are excited to higher lying levels using a pair of Nd:YAG pumped ns pulsed dye lasers: one broadband (∼ 100 GHz) UV laser (λ ∼ 243 nm) and one narrow band (∼ 5 GHz) IR laser (λ ∼ 750 nm). Rydberg atoms are produced by a two-step transition via n = 2, as described elsewhere [6, 20] .
The detector used was a 10 × 10 array of LYSO crystals, each of which was 4 × 4 × 20 mm. The individual crystals were wrapped on the long sides with reflective Teflon tape, and the resulting 40 × 40 × 20 mm assembly was optically coupled to a photomultiplier tube (PMT) via a 150 mm long light guide. The light guide was an acrylic cylinder with a 50 mm diameter wrapped in reflective Teflon tape, and was necessary to minimize the effect on the PMT of the ∼ 100 G magnetic field used to transport the positrons. For comparison we also used an 50 × 38 × 25 mm PWO crystal coupled to a PMT with a similar light guide.
The detector positions relative to the Ps production and excitation region are indicated in Fig. 1 and were arranged so that the solid angles subtended by each detector relative to the Ps production region were approximately equal. All of the data presented here were recorded simultaneously from the two detectors, so that the positron and positronium conditions were identical. The PMT's used in each case were different. The LYSO detector was attached to an EMI type 9954KA PMT operated with a supply voltage of −0.9 kV. The PWO was attached to a Hamamatsu H10570 PMT, operated with a supply voltage of −1.4 kV. These supply voltages were chosen to avoid PMT saturation.
One potential disadvantage of LYSO is that about 2.6 % of naturally occurring Lu is the isotope 176 Lu, which is radioactive and has a half-life of 10 10 years. The decay of this isotope and daughter products lead to the emission of beta particles, and gamma rays with energies of 89, 202, and 307 keV [24] . This can result in an unwanted background signal in PET scanners (for example), but is not important in single shot measurements since the probability of an event occurring in the ∼ 1 µS time windows typically used in SSPALS measurements is negligible.
LYSO is available commercially from a variety of vendors, with only slight variations in their properties [33] ; the crystals used in this work are of unknown provenance as they were obtained via the secondary market, from an on-line reseller. The crystal dimensions are consistent with those used in PET scanners (e.g., [34] ). 
Ground-state positronium
The SSPALS technique involves directly recording the output of a gamma-ray detector with an oscilloscope [9] . The gamma-ray signals obtained in this way are in effect lifetime spectra, examples of which obtained using LYSO and PWO detectors are shown in Fig. 2 . These data were recorded with the positron beam implanted into a mesoporous silica film (SiO 2 ), from which Ps is expected to be emitted, and into a piece of untreated copper (the electrode in front of the silica film), from which we expect almost no Ps to be emitted. The formation of Ps is readily apparent in both detectors as a surplus of counts at later times after the initial peak. This "prompt" peak is due to positrons that annihilate rapidly, either in direct electron-positron interactions following implantation, or via the formation of short-lived (125 ps) singlet Ps atoms [12] . The width of the peak is determined by the width of the incident positron beam and/or the time response of the detector used. Here the positron pulse width is around 5 ns FWHM, and so the observed peak widths are mostly due to the properties of the LYSO and PWO scintillators.
Single-shot lifetime spectra are typically analyzed using the parameter f d , defined as
The integration regions given by A, B and C are selected according to the type of detector used, and also the processes to be studied [22] . The amount of Ps formed is related to f d (see [35] ) but numerous factors must be accounted for before a direct conversion to the actual Ps fraction can be extracted. The spectra in Fig. 2 have been analyzed using B = 3 × τ , where τ is the scintillator decay constant (see f d values in Fig. 2 ). This makes it likely that a significant fraction of the integrated spectrum will 0 100 200 300 400 500 600 700 800 900
Time (ns) Figure 2 : SSPALS lifetime spectra recorded with PWO and LYSO detectors, with positrons implanted into a mesoporous silica film or a piece of untreated Cu, as indicated in the legend. These spectra are the average of 860 individual shots and were acquired in approximately 15 minutes. The quoted f d values were calculated using the indicated time windows as described in the text and represented by the color-coded vertical dashed lines and the corresponding labels above, (i.e., for PWO the boundaries A, B and C were -10, 36, and 600 ns respectively and for LYSO the boundaries A, B and C were -10, 120, and 900 ns respectively).
be due to photons originating from long-lived Ps annihilation, as opposed to light from the prompt peak delayed by the scintillator decay. The actual Ps fraction from mesoporous silica films nominally identical to those used here is around 25% [36] . These data indicate that if B is too close to the prompt peak events that are not related to Ps formation are included in the signal, giving a higher f d . Conversely, if B is too far away from the peak the signal will miss events that are caused by Ps annihilation, giving a lower f d . For PWO there is a clear increase in the smoothly varying f d when B is less than around 30 ns, indicating that this is the point at which peak events start to be included.
For LYSO the time at which the faster f d increase occurs is less obvious, but is in the region of B ∼ 150 ns. Thus, the optimal region of integration for this detector excludes the signal due to Ps decay for around one lifetime, which is the primary reason why PWO was initially selected for SSPALS experiments [11] . These data demonstrate that f d cannot be interpreted directly as the Ps fraction, since one can never integrate all the way to zero time. Moreover, there are other factors that must be included, such as background signals and the efficiency with different photon energies are detected [35] . 
Excited-state positronium
Changes in lifetime spectra due to mechanisms that affect Ps decay rates are characterized by the signal parameter S γ , given by
where f bk refers to the background Ps signal, which is the value of f d obtained without the perturbing influence being studied, and f sig is the value obtained when it is present. In the present work f sig refers to the presence of both the UV and IR lasers tuned to the relevant frequency to excite Ps into Rydberg states, and f bk refers to the case where the IR laser is tuned to be off resonance.
There are several processes that may affect Ps decay rates, such as spin exchange quenching or Ps 2 molecule formation [14] , the application of a strong magnetic field [37] , optical excitation and/or photoionization [16] or Ps quenching with paramagnetic centers [38] . When studying such effects using S γ as the metric it is necessary to adjust the integration parameters (cf Eq. 1) according to the relevant time scales. That is, the optimal analysis will differ depending on whether the Ps atoms are being made to annihilate at a rate that is faster or slower than the unperturbed vacuum rate.
Short-lived Ps
If Ps atoms are excited to n = 2 levels in a magnetic field, Zeeman mixing between singlet and triplet sub-levels can cause long-lived Ps atoms to decay at a faster rate in a process known as magnetic quenching [39] . If electric fields are also present this process can be enhanced by Stark mixing [40] . Similarly, if Ps atoms are optically excited they may subsequently be ionized, either optically [16] , or in the case of highly excited (Rydberg) states, by electric fields [20] . SSPALS can detect such events; for rapid annihilation they will appear as an increase in the gamma-ray signal in the prompt peak, and a decrease in the delayed photon flux. That is, f d will decrease, and S γ will have a positive value. Figure 4 shows lifetime spectra measured with both a LYSO and a PWO detector, obtained with the IR laser tuned to excite n = 2 atoms to the n = 45 level. These atoms (which we cannot resolve spectroscopically [20] ) are field ionized in an electric field of ∼ 100 V cm −1 . The increased annihilation due to this ionization can be observed most clearly in the difference spectra, shown for both detectors in Fig. 4 (b) . The initial signal (observed for times ≤ 50 ns) is due to laser induced annihilation events, while the later negative dip peaking at around 400 ns is due to the absence of annihilation events. Similar profiles are obtained if the n = 2 Ps atoms are directly ionized using IR light at 729 nm.
The two peaks (also seen with direct ionization) are due to positrons that do not immediately return to the target and annihilate. These cannot be directly resolved with the LYSO detector, although there is a visible shoulder in the difference curve. This illustrates the fact that there may be some measurements for which the superior time resolution of PWO might make it a better choice, despite the reduced statistics. Data of the type shown in Fig. 4 can be analyzed to obtain S γ values by selecting the most appropriate values of the time windows used to generate the f d values (see Eq. 1). That is, just as the measurement of the amount of ground-state Ps present (i.e., f d ) can be optimized by choosing B appropriately (see Fig. 3 ), so too is S γ highly dependent on the choice of B. In this case, however, one has to select B based on the specific process being measured. In general the values for A and C are fixed by the interval over which annihilation radiation can be detected, although one can partially reduce the amount of noise in the signal by restricting C. Figure 6 shows S γ and the signal-to-noise ratio (SNR) obtained from the data shown in Fig. 4 as a function of B. It is evident from these data that there is an optimal integration region that enhances not only the magnitude of the signal but, more importantly, the SNR.
Long-lived Ps
If Ps atoms are excited to Rydberg states there will be virtually no annihilation [40] and their lifetimes will be determined by their radiative lifetimes or other interactions. In the present experiment some Ps atoms in Rydberg states are able to collide with the vacuum chamber walls (see Fig. 1 ), which provides an annihilation signal regardless of the atomic state. This signal is, however, quite different from that of short-lived Ps atoms. n = 12 Rydberg states. The mean radiative lifetimes of these atoms depends on exactly which states are generated, which is not precisely defined due to the slightly inhomogeneous fields present in the excitation region. However, it is likely to be in excess of 1 µS [41] . Since the mean Ps speed is of the order of 10 5 m s −1 [17] , the ∼ 5 cm flightpath to the chamber walls will occur with essentially no losses to radiative decay.
The data shown in Fig. 7 are significantly different to those of Fig. 4 . When longer-lived atoms are generated, the laser-on curves exhibit an increase in the gamma-ray signal at later times rather than a deficit. Accordingly, the difference curves are inverted, with a dip at early times indicating fewer annihilations, and a peak at later times due to increased annihilations following wall collisions. There is also a small peak evident at around 100 ns, which is due to Ps atoms annihilating on the ring electrode located around 8 mm from the Ps target (see Fig. 1 ). The apparent shift in time of the LYSO difference curve relative to the PWO is due to the different time response of the detector, and also the fact that the LYSO is able to detect later events more efficiently than the PWO. Figure 8 shows S γ and the SNR obtained from the data shown in Fig. 7 as a function of B. This is the same analysis used to generate Fig. 6 but in this case a negative signal is obtained, since the delayed annihilations are increased by the laser excitation (see section 3). These data show that maximizing S γ does not in general optimize the SNR. 
Applications
The primary result of our investigation is that the high light output from LYSO offers a significant improvement over PWO in terms of the SNR, even when Ps is probed at early times. This is demonstrated explicitly in Fig. 9 , which shows the SNR as a function of the data acquisition time. These data are obtained using optimal time windows. The LYSO SNR is around a factor of 3 higher than the PWO SNR, indicating that the data acquisition time could be reduced by almost an order of magnitude without degrading the statistics. The statistical limitations in any measurement will also be affected by other noise sources, such as electronic noise from the PMT, RF pick-up from the high voltage buncher, digitization noise from the oscilloscope, and so on. However, these will be mostly the same regardless of the type of scintillator used.
Increasing the efficiency with which SSPALS data can be collected is very desirable because, even when using a positron trap [1] , the relatively low number of positrons available is always an experimental limitation [42] . As a result it is not uncommon in positronium-laser experiments for data acquisition to take days or weeks. This situation sets some practical limits on what can be achieved in this area. For example, measurements using delicate surfaces may be significantly more difficult if the surface conditions are not stable on the time scale of the data acquisition (e.g., [38, 43] ). On the other hand, in experiments that are not limited in this way, the possibility of obtaining higher quality data remains attractive.
As may be seen in Fig. 6 and 8, the magnitude of the signal parameter S γ depends on the time windows selected. It also differs in the two types of measurements performed (n = 45 and n = 12) because the solid angle subtended by the detectors are different, making them less sensitive to annihilations occurring at earlier times. Nevertheless, S γ can be used to monitor relative changes in excitedstate populations, such as may be obtained in laser spectroscopy. Figure 10 shows the lineshape of transitions between n = 2 and n = 12. The n = 2 atoms are excited via a 1 3 S 1 → 2 3 P 1 transition which produces mixed n = 2 states [40] . However the structure of the n = 2 sub-levels is not apparent in the measured transitions to n = 12 due to the limited spectral resolution of our experiment [22] . The observed line is essentially featureless, therefore, but is broadened due to the ∼ 100 V cm −1 electric field in the excitation region and slightly shifted from the resonance wavelength due to a slight angle of the excitation lasers with the direction of travel of the Ps atoms. The improvement in the data quality using LYSO is clear, and is fully consistent with the data shown in Fig. 9 .
If the electric field in the Ps excitation region is increased, lineshapes will be Stark broadened to a much greater extent than is shown in Fig. 10 . If the field is high enough the individual Stark states may become visible, provided the probe laser resolution is sufficient [20] . However, by splitting the line in this way the available signal is concomitantly reduced, making these Stark states difficult to observe. Figure 11 shows a measurement of this type. Ps atoms excited to n = 11 in an electric field of ∼1.875 kV cm individual Stark states to be resolved. This measurement was done using n = 11 so that a strong field could be applied without causing neighboring n states to overlap, which is just starting to occur at the shorter wavelengths. Again the improved statistics obtained using LYSO are evident. In this measurement there may be additional effects occurring, since different Stark states could have their trajectories altered differently after excitation, leading to a state-selective detection. The possibility of observing such effects in a reproducible manner will be the subject of future work; the aim is to produce an electrostatic Ps lens [44] . Being able to see small effects caused by small shifts of Ps trajectories will help to optimize such arrangements, which are extremely challenging to implement owing to the large velocity distributions typically associated with efficient Ps production.
The production of Ps atoms in selected Stark states is expected to be useful as it will facilitate the manipulation of these atoms via their large dipole moments (e.g., [45] ). The ability to control the translational motion of Ps atoms in this way, or even to decelerate and trap them [46] , would open up many new experimental possibilities. For example, performing a free-fall Ps gravity measurement has been discussed for some time [47] but requires a slow and focused beam of Ps atoms. Similarly, the availability of cold Ps would mitigate second order Doppler effects that are detrimental to precision spectroscopy [48] . 
Conclusion
We have tested a LYSO detector and compared it to PWO for use in SSPALS [9] . We find an enhancement of the SNR in the LYSO case of around a factor of 3, allowing for the acquisition of high quality data. Contrary to expectations, an improved performance was observed when measuring both Ps ionization and the production of Rydberg levels. The advantages of LYSO are attributed entirely to the much higher light output.
We have made a direct comparison to PWO because this was previously thought to be the best material for SSPALS. For experiments that utilize very intense positron pulses, such as studies of molecular positronium [49] , PWO is probably still the most appropriate detector material since PMT saturation in these types of experiments is more severe. However LYSO detectors are better suited to the efficient detection of Ps produced from a low-intensity pulsed positron beam. Several groups are currently engaged in such measurements [50, 51] , and we anticipate that LYSO will find immediate applications in a number of SSPALS based experiments.
